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ABSTRACT
The anti- and positive correlations between X-ray photon index and Eddington-scaled
X-ray luminosity were found in decay phase of X-ray binary outbursts and a sample
of active galactic nuclei in former works. We further systematically investigate the
evolution of X-ray spectral index, along the X-ray flux and Eddington ratio in eight
outbursts of four black-hole X-ray binaries, where all selected outbursts have observa-
tional data from Rossi X-ray Timing Explorer in both rise and decay phases. In the
initial rise phase, the X-ray spectral index is anti-correlated with the flux, and the
X-ray spectrum quickly softens when the X-ray flux is approaching the peak value.
In the decay phase, the X-ray photon index and the flux follow two different positive
correlations, and they become anti-correlated again when the X-ray flux is below a
critical value, where the anti-correlation part follow the same trend as that found in
the initial rise phase. Compared with other X-ray binaries, GRO J1655-40 has an evi-
dent lower critical Eddington ratio for the anti- and positive transition, which suggests
that its black-hole mass and distance are not well constrained or its intrinsic physic is
different.
Key words: accretion, accretion disks - black hole physics - X-rays: binaries - stars:
black holes - spectrum.
1 INTRODUCTION
A black hole X-ray binary (XRB) is a gravitationally bound
system in which one of the objects is a stellar-mass black
hole (BH) with mass from several to ∼ twenty solar mass.
Apart from several persistent BH XRBs, most of other
XRBs are transient sources that can be detected only dur-
ing outburst. During the outbursts, their luminosities in-
crease several orders of magnitude to reach values close to
the Eddington limit (LEdd = 1.38 × 10
38MBH/M⊙, MBH
is BH mass). At initial stage of the outburst, the XRBs
transit from quiescent state to low-hard (LH) state, where
the X-ray spectrum is dominated by a power-law compo-
nent with a photon index of Γ ∼ 1.5 − 2.1 and the vari-
ability is normally strong accompanying with low-frequency
quasi-periodic oscillations (LFQPOs, e.g., ∼ 0.1 − 10Hz).
The X-ray emission was suggested to come from advection-
dominated accretion flow ( ADAF, Abramowicz et al. 1995;
Narayan & Yi 1995; Esin et al. 1997; Liu et al. 2007, 2011;
Yuan & Narayan 2014). As the luminosity increases, the
⋆ E-mail: qwwu@hust.edu.cn
XRBs enter into very-high (VH) state (or steep-power-law
state, or intermediate state), where the X-ray spectrum be-
comes very steep (Γ > 2.4), and high-frequency QPO may
be appear. The physical origin of the X-ray emission in this
state is still unclear, which may correspond to the disk tran-
sition. After this stage, the system enters into a high-soft
(HS) state, where X-ray spectrum is dominated by a disk
component with a weak power-law component (Γ ∼ 2.1−2.4)
and QPO is normally absent. The disk and power-law com-
ponents come from optically thick standard accretion disk
(SSD, Shakura & Sunyaev 1973), and the optically thin
corona above and below the SSD respectively. Later on, the
BH systems return to LH state and, eventually, go back to
the quiescent state (e.g., see Remillard & McClintock 2006;
Done et al. 2007; Fender & Belloni 2012; Zhang 2013, for re-
views).
The hardness-intensity diagram (HID) is an important
tool in understanding the nature of the transient sources
(e.g., Remillard & McClintock 2006; Steiner et al. 2016;
Dunn et al. 2010; Coriat et al. 2011). The HID evolution
mainly reflects the evolution of accretion disk, where the
SSD component and the power-law component strongly
c© 2016 The Authors
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evolved during one outburst. In exploring the similar
physics in different-scale BHs and the corona physics, the
X-ray photon index is also widely adopted, which mainly
reflect the properties of hot plasma (corona/ADAD/jet)
and not suffer the possible contribution from the cold disk.
Wu & Gu (2008) performed a spectral study for XRBs in
the decay of their outbursts and found that a transition
between anti- and positive correlations of Γ − LX/LEdd.
The anti- and positive correlations between X-ray photon
index and Eddington ratio are also found in low-luminosity
active galactic nuclei (LLAGNs) and luminous AGNs
respectively, where both a single AGN and AGN sample
follow these trends (e.g., Wang et al. 2004; Shemmer et al.
2006; Markowitzet al. 2009; Sobolewska & Papadakis
2009; Gu & Cao 2009; Emmanoulopoulos et al. 2012;
Trichas et al. 2013; Allen et al. 2015). It should be noted
that the anti- and positive correlations are roughly con-
sistent with the prediction of ADAF and disk-corona
model respectively (e.g., Yuan et al. 2007; Cao 2009;
You et al. 2012; Qiao & Liu 2013). This roughly scale-free
Γ − LX/LEdd correlation provides an independent method
to estimate the BH mass (e.g., Shaposhnikov & Titarchuk
2009; Jang et al. 2014) .
The evolution of the X-ray photon index in the rise
phase is not well explored in former works, which is partly
caused by the quite few observational data in the rise phase,
since that the XRB outburst normally follow a fast rise and
a slow decay. In this work, we explore the full X-ray spec-
tral evolution for these several XRBs in both rise and decay
phase, which will shed light on the evolution of accretion
processes and also the evolution of supermassive BH sys-
tems (e.g., galaxies). In section 2, we present the description
on the sample and the data reduction. The main results are
shown in Section 3. In Sections 4 and 5, the discussion and
conclusion are presented.
2 SAMPLE AND DATA REDUCTION
We search the RXTE database to find the XRB outbursts
with the data in both rise and decay phases. Using this cri-
teria, four outbursts of GX 339-4 are selected, which are ob-
served in 2002-2003, 2004-2005, 2006-2007 and 2010-2011,
respectively. Two outbursts of H1743-322, that observed in
2003 and 2009, are chosen. Two other outbursts of XTE
J1550-564 and GRO J1655-40 that observed in 2000 and
2005 are also included (see Table 1). In total, eight out-
bursts of four BH XRBs are chosen, where the distance, BH
mass and other related information are presented in Table
1.
The X-ray data is reduced and analyzed using HEA-
SOFT software (version 6.25) following the steps as de-
scribed in RXTE cookbook1. In order to uniformly explore
the X-ray spectral evolution, we consider the Proportional
Counter Array (PCA) data and theHigh-Energy X-ray Tim-
ing Experiment (HEXTE) data in 3-25keV and 20-200keV,
respectively. For PCA data, we use only the data from PCU-
2 as it is always switched on, and can be used over the en-
tire archive of data, which is also the best calibrated of the
1 http://heasarc.gsfc.nasa.gov/docs/xte/data-analysis.html
PCUs on RXTE. Because the Clusters A and B in HEXTE
are ceased modulation in 2006 and 2009 respectively (see
Motta et al. 2011, for details), we use the HEXTE data
from Cluster B for seven of eight outbursts in our sample.
For outburst 2010-2011 of GX 339-4, only PCA data are
adopted due to no HEXTE observations. We extract the
useful observing time periods, known as good time inter-
vals (GTIs), using the ftool MAKETIME with the following
observational constraints: elevation angle is larger than 10
degree, and spacecraft pointing offset is less than 0.02. Re-
sponse matrices are generated and background spectra are
created using the latest PCA background model (faint or
bright) according to brightness level.
The spectra are fitted in XSPEC (version 12.10.1).
The X-ray spectrum can roughly be modeled by a power-
law component and a possibly blackbody component in
different states. As our spectral analysis concentrates on
the X-ray spectral evolution, we make the model as sim-
ple as possible. Therefore, we adopt a power-law component
(POW) and an absorption component (PHABS) as a start-
ing model, a disk component (DISKBB), a Gaussian line
fixed at 6.4 keV and a high energy cutoff component (CUT-
OFF) will be added if they can improve the fittings sub-
stantially. As shown in Table 1, the hydrogen column den-
sity was fixed at NH = 0.5 × 10
22cm−2 for GX 339-4 (e.g.,
Motta et al. 2009), NH = 0.8×10
22cm−2 for GRO J1655-40
(e.g., Kalemci et al. 2016), NH = 1.8×10
22cm−2 for H1743-
322 (e.g., Coriat et al. 2011), and NH = 2.0× 10
22cm−2 for
XTE J1550-564 (e.g., Titarchuk & Shrader 2002). A system-
atic uncertainty of 0.5% to all channels is adopted in our
work to account for PCA and HEXTE calibration uncer-
tainties, where we get a satisfactory fit for a selected model.
In some HS states, the power-law component is very weak,
and, therefore, the X-ray photon index cannot be well con-
strained. In this work, we focus on the evolution of the X-ray
photon index with the unabsorbed X-ray flux, and, there-
fore, we neglect the data points that the flux of power-law
component is less than 10% of total flux in some HS states.
The observational IDs, the observational date, main fitting
parameters of disk and power-law components, 3-25keV X-
ray flux and adopted models for each outbursts are shown
in Tables 3–10 respectively.
3 RESULTS
We present the light curve in 3-25 keV waveband and the
relation of Γ−F3−25keV for eight outbursts of four sources in
the left and right panels of Figures 1–8 respectively. The grey
points represent the observations with quite weak power-law
component (less than 10% of total flux). The X-ray spectral
evolutions are more or less similar for different outbursts,
even the observational data may be missed in initial stage
of some outbursts. We summarize the main features of the
X-ray spectral evolution for most outbursts, where more de-
tails are also provided in Table 2. In the initial rise phase
of the outbursts, Γ and F3−25keV follow an anti-correlation
when the X-ray flux is less than a critical flux (e.g., dark
red points, see Figures 1–8), where the anti-correlation can
be extended to very bright hard state with Γ ∼ 1.3 when
the flux is approaching the peak value. Then, the X-ray
spectrum quickly softens with roughly unchanged X-ray flux
MNRAS 000, 1–10 (2016)
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Table 1. X-ray binary parameters.
Object Outburst Observation BH mass Distance NH×10
22
name year Number (M⊙) (kpc) (cm
−2)
GX 339-4 2002-03 151 9.0+1.6
−1.2(1) 8.4± 0.9(1) 0.5(2)
2004-05 97
2006-07 190
2010-11 158
XTE J1550-564 2000 67 10.0(3) 5.0(4) 2.0(5)
H1743-322 2003 151 10.0(6) 11.0(7) 1.8± 0.2(8)
2009 50
GRO J1655-40 2005 165 6.3± 0.5(9) 3.2± 0.2(10) 0.8(11)
References: (1) Parker et al. (2016); (2) Motta et al. (2009); (3) Orosz et al. (2002); (4)
Kalemci (2002); (5) Titarchuk & Shrader (2002); (6) Miller et al. (2012); (7) Kalemci et al.
(2006); (8) Coriat et al. (2011); (9) Greene et al. (2001); (10) Hjellming & Rupen (1995);
(11) Kalemci et al. (2016).
(e.g., Γ ∼ 1.3− 2.5). After the peak X-ray flux, the sources
enter into the decay phase. The X-ray photon index and
X-ray flux follow a shallow positive correlation, where the
sources mainly stay in the HS state. With further decrease
of the X-ray flux, X-ray spectrum show a second strong vari-
ation, where the X-ray photon index varies from Γ ∼ 2.5 to
1.5 even the X-ray flux only changes a little bit. At the end
of decay phase, Γ and F3−25keV follow an anti-correlation
again, where the anti-correlations roughly follow the same
trend as that found in the initial rise phase. It should be
noted that the X-ray spectrum in the rise phase can be ex-
tended to a harder spectrum (e.g., Γmin ∼ 1.3) at higher
critical flux compared that in the decay phase (Γmin ∼ 1.6).
It should be cautious for the X-ray spectral evolution of out-
burst 2010-2011 of GX 339-4 (Figure 4), where HEXTE data
are lacked and the photon index may be a little bit differ-
ent from other outbursts with HEXTE observations (e.g.,
cutoff power-law model is adopted in some LH states with
HEXTE data). Some outbursts lack the observation in the
initial rise phase, and the anti-correlations of Γ − F3−25keV
are absent (e.g., outbursts of 2004-2005, 2010-2011 for GX
339-4, outburst 2000 of XTE J1550-564, outbursts 2003 and
2009 of H1743-322).
To learn the X-ray spectral evolution for these outbursts
as a whole, we present the relation of Γ−L3−25keV/LEdd for
these eight outbursts in Figure 9. We find that four outbursts
of GX 339-4 and XTE J1550-564 roughly follow the same
track evolution, except that the critical fluxes for steep pos-
itive correlations of Γ−L3−25keV/LEdd in the rise phase are
different for different outbursts. We find the X-ray photon
index from the anti-correlation part of Γ − L3−25keV/LEdd
in H1743-322 is evidently softer than those of other out-
bursts at given Eddington ratio. The anti-correlation of
Γ−L3−25keV/LEdd in GRO J1655-40 is quite consistent with
other outbursts (e.g., GX 339-4 and XTE J1550-564), and,
however, the positive correlations of Γ − L3−25keV/LEdd in
both rise phase and decay phase are evidently different from
others, where the critical Eddington ratio for the transition
of anti- and positive correlations is about one order of mag-
nitude lower than those of others.
4 DISCUSSION
The X-ray spectral evolution during the decay phase of
XRBs has been well studied, where the anti- and positive
correlations of Γ − LX/LEdd are found for the Eddington-
scaled X-ray luminosity is lower and larger than ∼ 1%
respectively (e.g., Yuan et al. 2007; Wu & Gu 2008). We
present the evolution of the X-ray photon index for 8 out-
bursts in both rise and decay phase based on the RXTE
observations of 4 XRBs, where the X-ray spectral evolution
is more complex compared the results as reported in former
works. In the rise phase of the outbursts, Γ and F3−25keV
are anti-correlated at initial stage, where the XRBs change
from the quiescent state to bright hard state (Γ varies from
∼2.0 to ∼1.3). Then, the X-ray spectrum quickly softens
when the flux is approaching the peak flux (Γ varies from
∼1.3 to ∼2.5), and the XRBs enter into the VH state. In the
decay phase, the Γ and F3−25keV follow a shallower positive
correlation as decreases of the flux and the sources transit
from the VH to HS state, and the X-ray spectrum harden
quickly again when the source change from the HS state to
LH state. After a critical flux or Eddington ratio, Γ and
F3−25keV follow an anti-correlation, which is similar to that
as found in initial rise phase. Compared the decay phase,
the anti-correlation Γ and F3−25keV can extend to a harder
spectrum with a higher critical X-ray flux.
The former works showed that the critical luminosity for
the transition from soft state to hard state is roughly con-
stant during the decay phase in BH XRBs (∼ 2%LEdd, e.g.,
Maccarone & Coppi 2003; Gladstone et al. 2007) even the
critical luminosity is different for different outbursts during
the hard to soft transition in the rise phase (e.g., Yu & Yan
2009; Yan & Yu 2015). With the adopted BH mass and dis-
tance of GRO J1655-40, we find that the critical Eddington
ratio for the transition of anti- and positive correlation of
Γ − L3−25keV/LEdd in both rise phase and decay phase is
several times lower than that of other sources. The lower crit-
ical Eddington ratio during the decay phase of GRO J1655-
40 is either caused by the uncertainties of basic parameters
(e.g., distance and BH mass) or caused by the different in-
trinsic physical condition in accretion-jet physics. The BH
mass is estimated from several methods (e.g., dynamical
MNRAS 000, 1–10 (2016)
4 Liu et al.
Table 2. The summary of the Γ evolution for the different outbursts of XRBs.
Outburst F3−25keV Γ Correlation
year Phase Date(MJD) ergcm−2s−1
GX 339-4
2002-03 rise 52324.39–52367.76 < 3.5× 10−9 ∼ 2.1 to ∼ 1.1 negative
52367.76–52412.06 3.5× 10−9 to ∼ 1.3× 10−8 ∼ 1.1 to ∼ 2.5 positive
decay 52412.06–52686.25 1.2× 10−8 to 1.0× 10−9 ∼ 2.5 to ∼ 2.3 positive
52686.25–52739.58 ≃ 1.0× 10−9 ∼ 2.3 to ∼ 1.5 positive
52739.58–52826.06 < 8.0× 10−10 ∼ 1.5 to ∼ 2.1 negative
2004-05 rise 53225.40–53234.58 ≃ 4.0× 10−9 ∼ 1.4 to ∼ 2.3 positive
decay 53234.58–53466.74 5.0× 10−9 to ∼ 1.0× 10−9 ∼ 2.3 to ∼ 2.2 positive
53466.74–53490.55 ≃ 1.0× 10−9 to 4.0× 10−10 ∼ 2.2 to ∼ 1.6 positive
53490.55–53539.05 < 4.0× 10−10 ∼ 1.6 to ∼ 2.1 negative
2006-07 rise 54051.74–54097.05 < 3.0× 10−9 ∼ 1.7 to ∼ 1.1 negative
54097.05–54136.99 3.0× 10−9 to 1.3× 10−8 ∼ 1.1 to ∼ 1.3 positive
54136.99–54147.01 ≃ 1.3× 10−8 ∼ 1.3 to ∼ 2.5 positive
decay 54147.01–54217.27 1.2× 10−8 to 1.0× 10−9 ∼ 2.5 to ∼ 2.2 positive
54217.27–54244.96 ≃ 1.0× 10−9 ∼ 2.2 to ∼ 1.5 positive
54244.96–54299.49 < 1.0× 10−9 ∼ 1.5 to ∼ 1.7 negative
2010-11 rise 55208.48–55290.72 1.0× 10−9 to 1.0× 10−8 ∼ 1.3 to ∼ 1.6 positive
55290.72–55323.21 ≃ 1.0× 10−8 ∼ 1.6 to ∼ 2.5 positive
decay 55323.21–55578.88 1.0× 10−8 to 1.0× 10−9 ∼ 2.5 to ∼ 2.2 positive
55578.88–55609.84 ∼ 1.0× 10−9 to 5.0× 10−10 ∼ 2.2 to ∼ 1.6 positive
55609.84–55639.50 < 5.0× 10−10 erg s−1 ∼ 1.6 to ∼ 1.8 negative
XTE J1550-564
2000 rise 51644.47–51662.16 < 1.5× 10−8 ∼ 1.3 to ∼ 2.2 positive
decay 51662.16–51686.29 1.5× 10−8 to 3.0× 10−9 ∼ 2.2 to ∼ 1.5 positive
51686.29–51741.39 < 3.0× 10−9 ∼ 1.5 to ∼ 2.1 negative
H1743-322
2003 rise 52726.80–52786.28 ∼ 1.9× 10−9 to 2.8× 10−8 ∼ 1.1 to ∼ 2.6 positive
decay 52786.28–52807.60 2.8× 10−8 to 1.2× 10−8 ∼ 2.6 to ∼ 2.1 positive
52932.09–52945.17 1.5× 10−9 to 6.0× 10−10 ∼ 2.1 to ∼ 1.8 positive
52945.17–52959.22 < 6.0× 10−10 ∼ 1.8 to ∼ 2.3 negative
2009 rise 54980.39–54989.15 ≃ 4.0× 10−9 ∼ 1.3 to ∼ 2.3 positive
decay 54989.15–55028.88 5.0× 10−9 to 5.0× 10−10 ∼ 2.3 to ∼ 1.9 positive
55028.88–55055.60 < 5.0× 10−10 ∼ 1.8 to ∼ 2.2 negative
GRO J1655-40
2005 rise 53426.04–53433.90 < 1.2× 10−9 ∼ 1.5 to ∼ 1.3 negative
53433.90–53507.72 1.2× 10−9 to ∼ 8.0× 10−8 ∼ 1.3 to ∼ 2.8 positive
decay 53507.72–53539.38 8.0× 10−8 to 1.5× 10−8 ∼ 2.7 to ∼ 2.0 positive
53628.91–53636.18 ∼ 4.0× 10−9 to 9.0× 10−10 ∼ 2.0 to ∼ 1.5 positive
53636.18–53657.15 < 9.0× 10−10 ∼ 1.5 to ∼ 2.0 negative
method, empirical method from the quasi-periodic oscilla-
tion etc.), and the BH mass are restricted within a range of
5–7M⊙ (e.g., Beer & Podsiadlowski 2002; Orosz & Bailyn
1997; Stuchlik & Kolos 2016), which is not far from our
adopted value (e.g., Greene et al. 2001). The distance of
3.2± 1.2 kpc is normally adopted for GRO J1655-40 in the
literatures, which is estimated from a kinematic model of
the radio jets (e.g., Hjellming & Rupen 1995). Foellmi et al.
(2006) determined a spectral type for the secondary star
during the quiescence and proposed that the distance should
be smaller than 1.7 kpc by comparing this companion with
various stars of similar spectral types. If this is the case,
the critical value for the transition of anti- and positive
correlation should be further 3–4 times lower than our de-
rived value in this work, and will strengthen that this source
may be different from other sources. More outburst analy-
sis and better constraints on its basic parameters will help
to understand this issue. In H1743-322, the X-ray spectrum
in the anti-correlation part is evidently softer than other
sources at given Eddington ratio, which may be caused by
observational bias (e.g., Galactic ridge emission due to close
to the Galactic plane with b = 1.8◦, Kalemci et al. 2006;
Dincer et al. 2012) or different initial conditions in accreting
material (e.g., stronger magnetic field leads to lower electron
temperature and softer spectrum). It should be noted that
the anti-correlation still exist even considered the Galactic
ridge emission (see Figure 2 in Kalemci et al. 2006), and this
emission will not affect the spectral fittings in bright hard
state, high/soft state and very high state. It is also proposed
that the X-ray spectrum may be inclination-dependent (e.g.,
Munoz-Darias et al. 2013; Heil et al. 2015). In Figure 9,
we find GX 339-4, XTE J1550-564 and GRO J1655-40
follow the similar anti-correlation of Γ − L3−25keV/LEdd,
where their inclination angles range from 60◦ to 75◦ (e.g.,
MNRAS 000, 1–10 (2016)
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Heil et al. 2015). The inclination-dependent X-ray spectrum
should be less important in quiescent to low/hard state. The
inclination angle of H1743-322 is similar to that of XTE
J1550-564, and the difference in the X-ray spectral evolu-
tion should be caused by other effects. The combination of
timing and X-ray spectral properties may help to explore the
physical reasons for different X-ray spectral evolution(e.g.,
accretion-jet properties, inclination effect etc.).
The anti- and positive correlations of Γ − LX/LEdd
are found in both XRBs and a sample of AGNs, which
are explained by the ADAF and disk-corona model
respectively (e.g., Wang et al. 2004; Shemmer et al.
2006; Yuan et al. 2007; Wu & Gu 2008; Markowitzet al.
2009; Sobolewska & Papadakis 2009; Gu & Cao 2009;
Emmanoulopoulos et al. 2012; Trichas et al. 2013;
Plotkin et al. 2013; Allen et al. 2015; Yang et al. 2015).
The X-ray photon index, Γ, is regulated by the electron
temperature, Te, and optical depth, τ , of the corona/ADAF
(the so-called y-parameter, e.g., Zdziarski et al. 1996). The
ADAF model predicts the soften of the X-ray spectrum as
XRBs fading into quiescent state (or above anti-correlation),
where the optical depth for Comptonization decreases, de-
creasing the Compton y-parameter, thereby leading to a
softer X-ray spectrum (e.g., Qiao & Liu 2013; Yang et al.
2015). As the accretion rate increases, the hot plasma in
ADAF/corona will be cooled down into SSD or cold clumps
and the optical depth of corona will decrease quickly,
which leads to a smaller y-parameter and a softer X-ray
spectrum (e.g., Cao 2009; You et al. 2012; Qiao & Liu 2013;
Yang et al. 2015). The change of the slope in two positive
correlations during the decay phase is unclear, which is
also different from that found in AGNs where a single
positive correlation is normally reported (e.g., Wang et al.
2004; Shemmer et al. 2006). Cao (2009) found that the
evolution of X-ray photon index is closely correlated to
the underlying magnetic stress in the disk-corona model,
where the X-ray spectral index will saturate if the magnetic
stress is proportional to pure gas pressure(their top panel
of Figure 4). If this is the case, our X-ray spectral evolution
can help to constrain the underlying magnetic stress in the
accretion disk, which will be our future work.
The physical mechanism behind the hysteresis (e.g.,
HID or Γ–Flux diagram) is still not well understood. The
candidate explanations include the magnetic field in accre-
tion disk (e.g., Balbus & Henri 2008; Begelman & Armitage
2014; Cao 2016) or the instabilities associated with Lense-
Thirring effect (e.g., Nixon & Salvesen 2014). Two out-
bursts of GX 339-4 at 2002-2003 and 2006-2007 are roughly
observed from the quiescent state, where the anti-correlation
part is roughly similar to that in decay phase except for the
higher critical flux. The higher critical X-ray flux in the rise
phase may be caused by the increase of the radiative effi-
ciency in the accretion disk if magnetic field became stronger
at this stage, and different initial magnetic field condition in
accreting material will lead to different critical X-ray flux
(e.g., Begelman & Armitage 2014; Cao 2016). However, the
transition from SSD to ADAF in decay phase is caused by
much different physical process (e.g., evaporation). The de-
tailed spectral calculations based on above different models
are still absent, which will be crucial to understand the evo-
lution of the BH central engine and the hysteresis effect.
5 CONCLUSION
We analyze the full evolution of the X-ray photon index
along the X-ray flux or Eddington ratio for eight outbursts
of four XRBs, which have the observations in both the rise
and decay phases. We find that X-ray spectral evolution
is much more complex compared that in the decay phase
of XRBs and AGN samples as reported in former works.
The main results are summarized as follows: 1) In the decay
phase, there are two positive correlations of Γ-Flux, which
is not reported in former works of XRBs and AGNs, and
may correspond to the physically changed evolution of the
accretion disk; 2) The X-ray emission can be extended to a
harder spectrum (e.g., Γmin ∼ 1.3) at a higher critical flux
in rise phase compared that in the decay phase (Γmin ∼ 1.6);
3) The anti-correlation of Γ-Flux follow the same trends in
both rise and decay phase, which suggests that their accre-
tion process should be similar in this stage; 4) We find that
the critical Eddington ratio of anti- and positive Γ−F3−25keV
correlation for GRO J1655-40 is evidently lower than that
of other sources, which suggests that its BH mass and dis-
tance are not well constrained or intrinsic physics is different.
More theoretical work need to further study these proper-
ties, which can shed light on the evolution of accretion pro-
cess and the hysteresis effect.
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Figure 1. Light curve and Γ − F3−25keV relation for outburst 2002-2003 of GX 339-4. The circle points with different colors represent
the data points in different time. The red-like points represent the anti-correlation, shallow and steep positive correlation of Γ−F3−25keV
in the rise phase. The blue-like points represent the shallow positive correlation, steep positive correlation and the anti-correlation of
Γ − F3−25keV in the decay phase. The grey points in left panel represent either the observations with power-law component is less
than 10% of total flux or the observations can not well fitted by our adopted simple model. The 3-25 keV X-ray flux is in unit of
10−10ergcm−2s−1.
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Figure 2. Same as Figure 1, but for outburst 2004-2005 of GX 339-4.
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Figure 3. Same as Figure 1, but for outburst 2006-2007 of GX 339-4.
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Figure 4. Same as Figure 1, but for outburst 2010-2011 of GX 339-4. It should be cautious that only PCA data are adopted in this
outburst due to HEXTE is ceased working.
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Figure 5. Same as Figure 1, but for outburst 2000 of XTE J1550-564.
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Figure 6. Same as Figure 1, but for outburst 2003 of H1743-322.
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Figure 7. Same as Figure 1, but for outburst 2009 of H1743-322.
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Figure 8. Same as Figure 1, but for outburst 2005 of GRO J1655-40.
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Figure 9. The relation between Γ and L3−25keV/LEdd for all eight outbursts. The inverted open triangles represent the outburst of GX
339-4 in 2010-2011, where only PCA data are considered due to the absence of HEXTE data.
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Table 3. Data of outburst 2002-2003 for GX 339-4.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
60705-01-48-00 52324.39 ... ... 2.11+0.69
−0.59 0.004
+0.01
−0.004 0.11
+0.03
−0.03 0.93 2
60705-01-49-00 52332.20 ... ... 2.39+0.63
−0.53 0.01
+0.02
−0.01 0.16
+0.03
−0.03 0.84 2
60705-01-51-00 52339.11 ... ... 2.45+0.47
−0.41 0.01
+0.01
−0.01 0.15
+0.02
−0.02 0.65 2
60705-01-52-00 52345.05 ... ... 2.05+0.42
−0.37 0.01
+0.01
−0.003 0.19
+0.03
−0.03 0.85 2
60705-01-53-00 52350.07 ... ... 1.99+0.23
−0.21 0.01
+0.004
−0.003 0.30
+0.02
−0.02 0.75 2
60705-01-54-00 52359.64 ... ... 1.67+0.07
−0.07 0.02
+0.003
−0.002 1.32
+0.04
−0.04 0.70 2
60705-01-55-00 52366.60 1.74+0.15
−0.16 2.58
+0.78
−0.55 1.14
+0.10
−0.12 0.10
+0.03
−0.02 23.61
+0.13
−0.13 1.31 5
70109-01-02-00 52367.76 1.67+0.09
−0.11 5.08
+1.12
−0.65 1.09
+0.05
−0.05 0.13
+0.02
−0.01 35.35
+0.09
−0.09 0.84 5
70109-01-01-00 52371.54 1.65+0.13
−0.20 11.93
+5.82
−2.11 1.10
+0.07
−0.08 0.28
+0.06
−0.05 70.56
+0.22
−0.21 0.69 5
70110-01-01-00 52373.24 1.70+0.13
−0.31 14.22
+12.44
−2.19 1.08
+0.11
−0.10 0.33
+0.10
−0.08 87.67
+0.30
−0.30 0.98 5
... ... ... ... ... ... ... ...
Column [1]: Observation IDs; Column [2]: MJD Time; Columns [3] and [4]: The temperature and normalization value of disk
blackbody; Columns [5].and [6]: The photon index and normalization value of power-law component; Column [7]: 3-25keV flux
(with the unit of 10−10ergcm−2s−1); Column [8]: Reduced χ2; Column [9]: the model in fitting ( 1. diskbb+gau+pow; 2. pow; 3.
gau+pow; 4. diskbb+pow; 5. diskbb+gau+cutoff)
Table 4. Data of outburst 2004-2005 for GX 339-4.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
80102-04-92-00 53175.25 1.61+0.28
−0.40 1.60
+2.46
−0.66 1.31
+0.13
−0.18 0.08
+0.03
−0.03 13.48
+0.09
−0.09 1.04 5
80102-04-93-00 53179.51 1.06+0.34
−0.20 9.82
+16.54
−6.60 1.35
+0.10
−0.12 0.08
+0.02
−0.02 12.96
+0.09
−0.09 0.94 5
80102-04-94-00 53184.10 1.62+0.26
−0.18 2.28
+0.94
−0.61 1.05
+0.13
−0.34 0.05
+0.02
−0.02 13.43
+0.09
−0.09 1.10 5
80102-04-95-00 53187.31 1.69+0.18
−0.24 2.29
+1.21
−0.55 1.07
+0.15
−0.18 0.05
+0.01
−0.02 14.12
+0.09
−0.09 0.69 5
80102-04-96-00 53189.83 1.62+0.22
−0.37 1.94
+2.44
−0.70 1.30
+0.13
−0.16 0.09
+0.03
−0.03 15.25
+0.10
−0.10 0.85 5
90418-01-01-04 53196.14 1.67+0.14
−0.31 2.59
+1.75
−0.37 1.29
+0.12
−0.14 0.11
+0.05
−0.03 20.36
+0.17
−0.17 0.89 5
90418-01-01-00 53196.20 1.88+0.17
−0.21 2.57
+0.81
−0.58 1.07
+0.21
−0.26 0.07
+0.05
−0.03 20.59
+0.16
−0.16 0.74 5
90418-01-01-01 53197.09 1.31+0.23
−0.15 7.88
+5.32
−3.44 1.27
+0.05
−0.06 0.12
+0.02
−0.02 21.93
+0.07
−0.07 1.24 5
90418-01-01-02 53198.13 1.62+0.12
−0.19 3.94
+1.71
−0.64 1.20
+0.08
−0.09 0.10
+0.02
−0.02 22.22
+0.07
−0.07 0.81 5
... ... ... ... ... ... ... ...
Table 5. Data of outburst 2006-2007 for GX 339-4.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
91105-04-17-10 54051.74 ... ... 1.66+0.06
−0.06 0.02
+0.002
−0.002 1.39
+0.04
−0.04 0.78 2
92052-07-01-00 54053.05 ... ... 1.57+0.04
−0.04 0.03
+0.002
−0.002 2.33
+0.04
−0.04 0.85 2
92052-07-01-01 54054.10 ... ... 1.57+0.04
−0.04 0.03
+0.002
−0.002 2.33
+0.04
−0.04 0.86 2
92052-07-01-02 54054.88 ... ... 1.56+0.04
−0.04 0.02
+0.002
−0.002 2.24
+0.04
−0.04 1.14 2
92052-07-01-03 54055.86 ... ... 1.56+0.03
−0.03 0.03
+0.002
−0.002 2.65
+0.04
−0.04 0.90 2
92052-07-02-00 54056.97 ... ... 1.55+0.04
−0.04 0.03
+0.003
−0.002 2.80
+0.05
−0.05 1.19 2
92052-07-02-01 54057.99 ... ... 1.54+0.04
−0.04 0.04
+0.003
−0.003 3.54
+0.06
−0.06 1.14 2
92052-07-02-02 54058.74 ... ... 1.52+0.03
−0.03 0.06
+0.003
−0.003 5.69
+0.07
−0.07 1.30 2
92052-07-02-03 54059.82 ... ... 1.50+0.03
−0.03 0.05
+0.003
−0.003 5.51
+0.07
−0.07 1.02 2
92052-07-02-04 54060.97 ... ... 1.51+0.03
−0.03 0.06
+0.003
−0.003 6.22
+0.07
−0.07 0.91 2
... ... ... ... ... ... ... ...
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Table 6. Data of outburst 2010-2011 for GX 339-4.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
95409-01-01-00 55208.48 1.51+0.51
−0.50 1.17
+4.38
−0.72 1.35
+0.09
−0.13 0.07
+0.02
−0.02 12.00
+0.11
−0.11 0.65 1
95409-01-02-00 55211.81 1.68+0.23
−0.30 0.92
+0.63
−0.30 1.32
+0.07
−0.07 0.07
+0.01
−0.01 11.65
+0.07
−0.07 0.97 1
95409-01-02-01 55214.08 1.48+0.23
−0.25 1.80
+1.71
−0.64 1.32
+0.05
−0.06 0.08
+0.01
−0.01 13.84
+0.06
−0.06 0.81 1
95409-01-02-02 55217.81 1.62+0.19
−0.38 1.36
+2.07
−0.37 1.34
+0.05
−0.05 0.09
+0.01
−0.01 15.68
+0.06
−0.06 0.59 1
95409-01-03-02 55218.73 1.57+0.23
−0.31 2.25
+2.48
−0.72 1.27
+0.07
−0.08 0.08
+0.01
−0.02 16.86
+0.10
−0.10 0.52 1
95409-01-03-03 55219.46 1.67+0.25
−0.38 1.29
+1.26
−0.48 1.34
+0.07
−0.09 0.10
+0.02
−0.02 16.99
+0.11
−0.11 0.69 1
95409-01-03-00 55220.17 1.84+0.15
−0.39 1.20
+1.05
−0.27 1.26
+0.09
−0.04 0.08
+0.02
−0.02 15.83
+0.09
−0.09 0.60 1
95409-01-03-04 55221.55 1.59+0.20
−0.27 2.25
+1.89
−0.64 1.28
+0.06
−0.07 0.09
+0.02
−0.02 17.87
+0.09
−0.09 0.77 1
95409-01-03-05 55222.57 1.72+0.20
−0.25 1.67
+1.56
−0.46 1.31
+0.07
−0.08 0.11
+0.02
−0.02 20.00
+0.11
−0.11 0.60 1
95409-01-03-01 55223.76 1.41+0.26
−0.29 2.89
+4.39
−1.18 1.35
+0.04
−0.06 0.11
+0.01
−0.02 17.42
+0.08
−0.08 0.83 1
... ... ... ... ... ... ... ...
Table 7. Data of outburst 2000 for XTE J1550-564.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
50137-02-01-00 51644.47 0.98+0.09
−0.07
80.36+40.07
−27.76
1.33+0.03
−0.03
0.38+0.02
−0.02
58.16+0.15
−0.14
1.09 5
50137-02-02-00 51646.33 0.99+0.08
−0.07
95.57+46.30
−32.21
1.31+0.03
−0.03
0.41+0.03
−0.03
67.07+0.19
−0.19
0.72 5
50137-02-02-01 51646.61 1.02+0.08
−0.07
86.19+39.03
−27.52
1.28+0.03
−0.03
0.39+0.03
−0.03
67.93+0.18
−0.18
1.09 5
50137-02-03-00 51648.73 1.02+0.08
−0.07
91.13+41.02
−29.14
1.30+0.03
−0.03
0.44+0.03
−0.03
72.96+0.19
−0.19
0.88 5
50137-02-03-01G 51649.75 1.00+0.09
−0.08
99.27+52.53
−35.37
1.30+0.04
−0.04
0.45+0.04
−0.04
74.84+0.23
−0.23
0.96 5
50137-02-04-00 51650.73 1.03+0.08
−0.07
97.44+40.37
−29.14
1.26+0.03
−0.03
0.42+0.03
−0.03
77.30+0.20
−0.20
1.14 5
50137-02-04-01 51651.37 1.03+0.08
−0.07
95.59+39.35
−28.65
1.28+0.03
−0.03
0.46+0.03
−0.03
78.93+0.19
−0.18
0.89 5
50137-02-05-00 51652.24 0.99+0.08
−0.07
126.93+54.47
−38.95
1.27+0.03
−0.03
0.48+0.04
−0.04
84.04+0.22
−0.22
0.76 5
50137-02-05-01 51653.53 0.98+0.07
−0.07
142.28+61.34
−43.84
1.30+0.03
−0.03
0.54+0.04
−0.04
89.38+0.23
−0.23
0.82 5
50137-02-06-00 51654.71 1.01+0.08
−0.07
124.77+55.06
−39.44
1.32+0.03
−0.03
0.59+0.04
−0.04
93.17+0.22
−0.22
0.91 5
... ... ... ... ... ... ... ...
Table 8. Data of outburst 2003 for H1743-322.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
80138-01-01-00 52726.80 1.51+0.19
−0.20 2.69
+1.81
−0.82 1.07
+0.06
−0.07 0.07
+0.01
−0.01 18.49
+0.07
−0.07 0.87 5
80138-01-02-00G 52729.79 1.30+0.18
−0.16 9.24
+6.79
−3.41 1.10
+0.04
−0.05 0.22
+0.02
−0.02 43.18
+0.12
−0.12 1.17 5
80138-01-03-00G 52733.73 0.94+0.24
−0.24 39.81
+116.90
−31.53 1.99
+0.06
−0.06 2.54
+0.27
−0.26 71.83
+0.18
−0.18 1.83 5
80138-01-05-00G 52737.55 0.87+0.19
−0.19 123.43
+320.24
−84.71 1.89
+0.05
−0.05 4.25
+0.36
−0.36 129.66
+0.29
−0.30 1.47 5
80138-01-06-00 52739.65 0.92+0.12
−0.11 188.02
+181.09
−92.21 2.17
+0.05
−0.05 7.14
+0.62
−0.66 137.86
+0.31
−0.32 1.36 5
80138-01-07-00 52741.83 1.16+0.04
−0.04 164.75
+32.66
−28.14 2.45
+0.07
−0.08 8.89
+1.27
−1.17 121.94
+0.30
−0.30 1.28 5
80146-01-01-00 52743.22 1.23+0.03
−0.03 239.97
+34.79
−31.74 2.47
+0.06
−0.07 11.15
+2.58
−2.50 200.57
+0.47
−0.47 1.44 5
80146-01-02-00 52744.20 1.12+0.04
−0.05 245.47
+61.22
−42.87 2.31
+0.07
−0.07 9.92
+1.31
−1.23 162.76
+0.38
−0.38 1.00 5
80146-01-03-00 52746.17 1.12+0.04
−0.04 156.66
+28.06
−22.86 1.92
+0.10
−0.11 2.25
+0.46
−0.41 75.72
+0.21
−0.20 1.54 5
80146-01-03-01 52747.61 1.14+0.03
−0.03 193.40
+26.90
−26.32 2.34
+0.08
−0.08 6.34
+1.01
−0.88 106.79
+0.27
−0.27 1.25 5
... ... ... ... ... ... ... ...
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Table 9. Data of outburst 2009 for H1743-322.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
94413-01-02-00 54980.39 1.32+0.29
−0.18 9.74
+8.11
−4.83 1.34
+0.07
−0.07 0.26
+0.04
−0.04 35.72
+0.13
−0.13 0.94 5
94413-01-02-02 54980.84 1.33+0.21
−0.17 8.97
+7.02
−3.51 1.39
+0.05
−0.06 0.30
+0.03
−0.04 37.00
+0.11
−0.11 0.88 5
94413-01-02-01 54981.95 1.40+0.24
−0.25 7.61
+8.58
−2.96 1.45
+0.08
−0.10 0.35
+0.03
−0.07 37.90
+0.15
−0.15 0.88 5
94413-01-02-05 54982.27 1.10+0.22
−0.16 17.30
+19.23
−10.09 1.55
+0.05
−0.06 0.43
+0.05
−0.05 37.44
+0.12
−0.12 0.89 5
94413-01-02-04 54983.32 0.99+0.14
−0.11 39.56
+33.63
−19.50 1.71
+0.05
−0.06 0.61
+0.07
−0.07 36.99
+0.12
−0.12 1.13 5
94413-01-02-03 54984.37 0.88+0.06
−0.06 144.33
+64.27
−45.34 2.03
+0.06
−0.07 1.15
+0.15
−0.15 38.90
+0.13
−0.13 1.10 5
94413-01-03-00 54987.25 0.94+0.03
−0.03 534.53
+83.46
−72.11 2.25
+0.04
−0.05 2.23
+0.28
−0.27 66.87
+0.23
−0.23 1.33 1
94413-01-03-01 54988.23 0.89+0.02
−0.02 734.47
+86.56
−77.05 2.28
+0.05
−0.05 1.35
+0.20
−0.18 46.51
+0.17
−0.17 0.78 1
94413-01-03-07 54988.62 0.95+0.02
−0.02 514.05
+65.65
−57.81 2.29
+0.03
−0.04 1.94
+0.19
−0.19 57.45
+0.16
−0.17 0.82 1
... ... ... ... ... ... ... ...
Table 10. Data of outburst 2005 for GRO J1655-40.
Obs. Date Diskbb Diskbb Power-Law Power-Law Flux χ2 Model
(MJD) Tin(keV) Norm. Index(Γ) Norm. (3-25keV) /DOF
[1] [2] [3] [4] [5] [6] [7] [8] [9]
90428-01-01-00 53426.04 1.37+0.22
−0.24
0.58+0.66
−0.25
1.48+0.03
−0.03
0.05+0.002
−0.004
6.00+0.02
−0.02
1.02 1
90058-16-05-00 53427.02 1.78+0.25
−0.34
0.42+0.37
−0.16
1.38+0.06
−0.07
0.05+0.01
−0.01
7.26+0.04
−0.04
0.98 1
90428-01-01-01 53427.15 1.58+0.20
−0.22
0.62+0.39
−0.23
1.41+0.05
−0.05
0.05+0.01
−0.01
7.47+0.04
−0.04
1.30 1
90058-16-07-00 53427.94 1.61+0.20
−0.23
0.63+0.39
−0.23
1.42+0.05
−0.05
0.06+0.01
−0.01
8.09+0.04
−0.04
0.85 1
90428-01-01-03 53428.13 1.43+0.25
−0.26
1.04+1.27
−0.46
1.41+0.04
−0.05
0.06+0.01
−0.01
8.04+0.04
−0.04
0.82 1
90428-01-01-04 53428.85 1.52+0.20
−0.24
0.40+0.32
−0.16
1.44+0.02
−0.02
0.06+0.004
−0.004
8.01+0.03
−0.03
1.29 1
90428-01-01-02 53429.71 1.52+0.19
−0.21
0.69+0.49
−0.23
1.44+0.03
−0.03
0.06+0.005
−0.005
8.31+0.03
−0.03
0.97 1
90428-01-01-05 53430.96 1.39+0.21
−0.24
0.70+0.68
−0.29
1.47+0.03
−0.03
0.06+0.01
−0.01
7.54+0.03
−0.03
1.05 1
90058-16-06-00 53431.17 1.43+0.31
−0.38
0.85+1.64
−0.45
1.43+0.06
−0.07
0.06+0.01
−0.01
7.60+0.06
−0.05
0.74 1
90428-01-01-06 53431.61 1.36+0.22
−0.47
0.82+4.16
−0.55
1.48+0.05
−0.07
0.07+0.01
−0.01
7.63+0.05
−0.05
1.00 1
... ... ... ... ... ... ... ...
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